Abstract. Number fluxes of particles with diameter larger than 10 nm were measured with the eddy covariance method over the Amazon rain forest during the wet season as part of the LBA (The Large Scale Biosphere Atmosphere Experiment in Amazonia) campaign 2008. The primary goal was to investigate whether sources or sinks dominate the aerosol number flux in the tropical rain forest-atmosphere system.
Introduction
The Amazonian forest is the largest tropical forest on Earth covering an area of about 4.7 million km 2 . The forest has a large influence on the regional and global climate. Evapotranspiration from the Amazonian forest is responsible for 25-50% of the region's rainfall (Eltahir and Bras, 1996; Li and Fu, 2004) and the huge amount of energy used for evapotranspiration is an important regulator of surface temperature. The large areas of highly productive ecosystems in the Amazon are global sources of natural and anthropogenic aerosols and trace gases. With changes in land use and increased human activity in Amazonia (Nepstad et al., 1999) , the exchange of energy, gases and aerosols between surface and atmosphere is being perturbed (Davidson and Artaxo, 2004) .
Atmospheric aerosols influence climate directly by absorbing and scattering incoming solar radiation, and indirectly by acting as cloud condensation nuclei (CCN), and thereby affecting the cloud microphysical and optical properties, precipitation rate and cloud lifetime (Twomey, 1977; Rosenfeld 2000) . In Amazonia, it was shown that aerosol particles strongly influence the radiation balance, affecting the photosynthetic rates and consequently the regional carbon balance (Oliveira et al., 2007) . Many studies in the past have focused on biomass burning aerosol characterization over the Amazon Crutzen and Andreae, 1990; Artaxo et al., 1994) but fewer studies deal with the natural biogenic aerosol component. However, to understand the combined influence from anthropogenic biomass burning and deforestation on the Amazon and other tropical rain forests, it is necessary to understand the processes that regulate emission, deposition and properties of natural biogenic aerosols Artaxo and Hansson,9382 L. Ahlm et al.: Aerosol number fluxes over the Amazon rain forest
The aerosol mass over the Amazon basin is dominated by organic compounds which on average constitute a fraction of 70 to 90% both in the fine mode and coarse mode (Andreae and Crutzen, 1997; Graham et al., 2003) . During the wet season when biomass burning is suppressed by intense precipitation and the wet removal of aerosols is strong, the high organic fraction must be attributed to natural biogenic sources (Guyon et al., 2003a, b) . However, the sources and formation mechanisms are still poorly understood (Artaxo et al., 1994; Graham et al., 2003) . In particular, the relative contribution of primary and secondary aerosols to the aerosol population remains largely unknown ). Either of these particles could have an important role in nucleating cloud droplets (Prenni et al., 2007 (Prenni et al., , 2009 , being in general efficient CCN (Sun and Ariya, 2006; Gunthe et al., 2009) .
Primary biogenic aerosols consist of many different species including pollen, spores, bacteria, algae, protozoa, fungi, fragments of leaves and insects (Artaxo and Hansson, 1995) . Concerning fine mode secondary aerosol particles, the emissions of volatile organic compounds (VOC) by natural vegetation plays an important role in the fine mode particle population (Kesselmeier et al., 1999; Claeys et al., 2004) . There is little evidence of new particle formation within the boundary layer over the Amazon basin (Rissler et al., 2006) . Field observations have shown infrequent occurrence of nucleation mode aerosol in the boundary layer (Rissler et al., 2004) and in a narrow band on top of a growing mixed layer (Krejci et al., 2005b) . The outflow regions of deep convective clouds are generally considered to be favorable environments for new particle formation (Ekman et al., 2008) and aircraft measurements have shown that the number of ultrafine particles is at maximum in the middle and upper free troposphere (Krejci et al., 2003) . Increased concentrations of newly formed particles were observed also in the outflow of shallow convective clouds over the Amazon (Krejci et al., 2005b) . Some of these particles should be able to reach the mixed layer by subsidence and entrainment and consequently grow by coagulation and condensation.
The most direct way of investigating the magnitude of aerosol net exchange between surface and atmosphere is to use the eddy covariance method. A net upward flux could indicate that there is an emission that dominates over the dry deposition sink (Nilsson et al., 2001a; Mårtensson et al., 2006) . However, also entrainment of cleaner air from above during mixed layer growth may temporarily produce upward fluxes (Nilsson et al., 2001b) . A net downward flux on the other hand could, during periods with negligible influence from aerosol sources outside the forest-atmosphere system, indicate that there are high numbers of particles that have been formed within the atmosphere. Eddy covariance measurements over boreal forests have shown high correlation between new particle formation events in the boundary layer and strong downward particle fluxes (Buzorius et al., 2001; Nilsson et al., 2001b) . If new particle formation is taking place in the tropical free troposphere, these particles first need to descend through the free troposphere to be entrained into the mixed layer. Once they reach the boundary layer, a fraction of them will be removed by dry deposition. Hence, the dry deposition of primary and secondary natural aerosol particles formed or emitted within the forest-atmosphere system and the dry deposition of particles that have been transported from outside the system both contribute to the downward particle flux, which competes with the primary aerosol emission for the overall sign of the vertical aerosol flux.
In this project we have measured vertical turbulent fluxes of aerosols, CO 2 and sensible and latent heat to explore links between aerosol fluxes and the behavior of the forest and the atmosphere. This Brazilian-Swedish project AMAFLUX (Amazonian Biosphere-Atmosphere Aerosol Fluxes in view of their potential control of cloud properties and climate) was carried out as a part of the larger international project LBA (The Large Scale Biosphere Atmosphere Experiment in Amazonia). The fieldwork was divided into two parts. The first part took place from the middle of March to middle of May 2008, which represents wet season and the second period took place between early July and middle of August 2008, which represents dry season. Here we treat the first period when the interactions between forest and atmosphere are expected to be controlled to a large extent by natural processes. The objective is to examine if sinks or sources dominate the aerosol number flux and to deduce as much as possible about the processes involved.
Methods and site

Site description
The measurements were carried out at the top of the 53 meter high tower K34 in the Reserva Biológica do Cuieiras (2 • 35.37 S, 60 • 06.92 W), approximately 60 km NNW of Manaus, Brazil. The tower is maintained by INPA (The Brazilian National Institute for Research in Amazonia). Figure 1 shows the location of the measurement site. The city of Manaus is located more than 1000 km inland from the Atlantic Ocean and has a population of ∼1.7 million people. Average annual rainfall in the region is 2200 mm with two marked seasons (November-May wet season; June-October dry season). Although highly variable, rainfall is present throughout the year. The prevailing easterly trade winds blow over large areas of undisturbed rain forest before reaching the Cuieiras Reserve (Andreae et al., 2002) . However, the influence of emissions from the urban area of Manaus becomes evident when the southerly wind component increases.
The canopy height in the Cuieiras Reserve is between 30 and 35 m (Kruijt et al., 2000) and the leaf area index has been estimated to be 5-6 m 2 m −2 (McWilliam et al., 1993) . The K34 flux tower is a 1.5 m×2.5 m-section aluminum tower standing on a medium sized plateau 130 m a.s.l. (Araújo et Campos et al., 2009) . A diesel generator is located more than 2 km northwest of K34 providing the research station with electricity. There is also a field station house at the center of the research area ∼2 km north of K34. Both the generator and the house could possibly affect the particle concentrations at K34 when prevailing wind direction is between north and northwest. The road BR-174 ( Fig. 1) goes from Manaus northwards to Venezuela and passes the Cuieiras Reserve on the east side at a distance of about 19 km. Long distance trucks use this road but it is not densely trafficked.
Eddy covariance
The vertical aerosol number flux was calculated with the eddy covariance technique. The aerosol number concentration N and the vertical wind speed w can be divided into means and fluctuations from the mean, N =N + N and w = w + w . By following the Reynold's averaging rules, it can be shown that N w = N w +N w where N w is the vertical advective flux and N w is the vertical turbulent flux. The vertical advection is assumed to be a result of the terrain and therefore the coordinate system is rotated in order to obtain zero vertical advection. Then the total vertical flux becomes equal to the turbulent vertical flux.
For this study the vertical aerosol flux N w was calculated over periods of 30 min. The fluctuations N and w were separated from the mean by linear de-trending, which also removes the influence of low frequency trends. The aerosol data was shifted in relation to the wind data to correct for the time lag in the sampling line (calculated from the maximum correlation). Turbulent fluxes of momentum, sensible and latent heat and CO 2 were calculated in a similar way. Finnigan et al. (2003) investigated how the flux magnitude depends on choice of averaging period at a 46.5 m high tower in the Cuieiras Reserve. Fluxes of sensible heat, latent heat and CO 2 were calculated for averaging periods of 15 min and 1, 2, 3, 4 and 8 h. They found that the fluxes increased in magnitude with increasing averaging period up to 3 h but at even longer averaging periods little further increase was observed. The low frequency motions were interpreted as a result of the deep convective boundary layer.
However, the variability in aerosol particle concentration is much larger than the variability in temperature, water vapor and CO 2 concentration. To de-trend the particle concentrations over longer time intervals will often produce large errors and increase the uncertainty of the flux. Furthermore, the focus in this study is to a higher extent on the sign of the particle flux than on the magnitude of the flux. Therefore we have chosen to calculate the fluxes over periods of 30 min, well aware of that this is a compromise.
Instrumentation
Flux measurements
The 3-D wind components and temperature were measured with a Gill Windmaster ultrasonic anemometer, and logged at 20 Hz. To measure the total aerosol number concentration (particle diameter D p >10 nm) we used a Condensation Particle Counter (CPC), model TSI 3010, which was logged at 1 Hz. The aerosol was sampled just beneath the sonic head through a 4 m long 1/4-inch stainless steel sampling line. The sampling flow through the CPC was 1.02 l min −1 . Concentrations of CO 2 and H 2 O were measured by a Li-7500 Open Path Analyzer. The Licor was logged both as digital RS232 signals through an EDG-4508 gateway and as analog signals through the Gill windmaster auxiliary input channels, in both cases at 20 Hz.
The most frequent technical problem encountered during the campaign was condensation of water vapor inside the CPC saturator. Therefore the CPC reservoir had to be drained and thereafter filled with new butanol more or less every day. This problem was related to the high water content of the air and was more problematic than we have experienced before even in marine environments.
Additional measurements used during data analysis
Mass concentration of equivalent black carbon (BC e ) was provided by São Paulo University using a Multi-Angle Absorption Photometer (MAAP). This measurement derives the concentration of BC e from the determination of light absorption at a wavelength of 670 nm using an empirical mass absorption efficiency of 6.5 m 2 g −1 . Because of uncertainties regarding the appropriate value of the mass absorption efficiency and the possibility of contributions from lightabsorbing organic aerosols, we chose the term BC e to reflect the operational definition of this measurement (Andreae and Gelencsér, 2006) . BC e was measured at a container close to the house at the center of the research station, approximately 2 km north of K34. Additionally, mass concentrations of trace elements were provided by São Paulo University using particle-induced X ray emission analysis (PIXE). The sampling for the PIXE trace element analysis was also made at the container.
Meteorological parameters (temperature, relative humidity, rain amounts and photosynthetic active radiation) were measured at the K34 tower and provided by INPA. These were logged on a Campbell CR-10 (Campbell Scientific UK) data logger with a sampling interval of 30 seconds and stored as either 10 or 30 min averages.
Flux corrections
Effects of limited instrumental frequency response
The underestimation of the particle flux due to limited time response depends on the frequency of the turbulence. It can approximately be determined by the observation level z (53 m), mean horizontal wind speed U and stratification z/L, where L is the Obukhov length. The underestimation in the flux can be estimated according to (Buzorius et al., 2003) as
with α = 1 for z/L>0 (stable stratification) and α = 7/8 for z/L≤0 (neutral and unstable stratification). The normalized frequency, n m , equals 0.085 for z/L≤0 and
The frequency first order response time constant τ c of the TSI 3010 has been estimated to 0.8 s (Doebelin, 1990) . However, in this study the particle concentration was measured at a frequency of 1 Hz and therefore a value of 1 s on τ c has been used in Eq. (1).
All aerosol fluxes presented in this work have been corrected according to Eqs. (1) and (2). The correction when using these equations on average was 13% of the measured net aerosol flux in this study.
Webb-correction
The assumption behind the Webb correction is that the vertical mass flux of dry air is zero:
where w is the vertical wind speed and ρ a is the density of dry air. At least in a non-stable surface layer, ascending air on average will be warmer, containing more water vapor (and thereby having lower density) than descending air. Therefore the mean of the vertical wind speed w usually must be positive for the mass flux of dry air to be zero. A positive w produces a positive vertical advection term that must be added to the measured turbulent flux. This correction is known as the Webb correction and is most important when heat fluxes are large which is the case in a convective boundary layer. The impact from the sensible heat flux is more important than the corresponding impact from the latent heat flux. Webb et al. (1980) showed that
where ρ v is fluctuation in density of water vapor, q is the averaged specific humidity and T is the average and T the fluctuating part of the temperature. From Eq. (4) follows that the total flux F of the substance c is
where c is the average and c the fluctuating part of the concentration of the substance. In this study, the Webb correction has been applied for the CO 2 and the latent heat flux. The Webb correction at noon (when energy fluxes are at maximum) reduced the net downward CO 2 flux by ∼25% and increased the latent heat flux by ∼9%. The situation is more complicated for particle fluxes. Temperature fluctuations are dampened in a tubing of several meters (Rannik et al., 1997) . Probably even more important, inside the CPC the air is both heated and cooled, as part of the detection process, before the flow rate is set by the critical orifice inside the CPC. Therefore no correction of particle fluxes due to sensible heat fluxes was applied. Concerning water vapor, a fraction of the water vapor entering the CPC inlet is deposited in the butanol in the CPC reservoir before the particles are being counted and the flow rate is set inside the CPC. It is hard to estimate what fraction of water vapor flowing into the CPC that is trapped there, but during this campaign it seems to have been a significant amount. Therefore neither any Webb correction due to latent heat fluxes was applied to the particle fluxes. 
Error treatment
Following Buzorius et al. (2003) , the uncertainty in the flux due to discrete counting can be expressed as
where σ w is the standard deviation of the vertical wind, N is the aerosol number concentration averaged over the sampling period t (in our case 30 min) and Q is the sampling volume flow rate through the particle counter. When considering relative errors, high turbulence and number concentrations usually correspond to high aerosol number fluxes, so the relative error may actually decrease with increasing N and σ w , and vice versa. The average uncertainty in particle flux due to discrete counting was in this study about 5%.
Turbulence spectra
Turbulence power spectra and co-spectra were calculated in order to investigate the performance of the eddy correlation system. The spectra were obtained using fast Fourier transform (FFT) to linearly de-trended data over a time period of 30 min. Power spectra and co-spectra presented in next paragraph are frequency weighted and normalized by the variance and the covariance respectively. The normalized frequency weighted spectra are averaged over logarithmically changing intervals and plotted against the non-dimensional frequency
where n is the frequency, z is the measurement height, d is the displacement height (assumed to be 2/3 of the canopy height) and U is the average horizontal wind speed over the time interval. There are limitations within this section as to how many spectra can be shown. However, spectra involving all instruments are shown here and discussed. Figure 2 shows samples of averaged power spectra of horizontal wind speed (a), vertical wind speed (b), CO 2 concentration (c) and particle concentration (d). The particle spectrum does not cover as high frequencies as the wind and CO 2 spectra since the particle concentration was sampled at 1 Hz by the CPC compared to 20 Hz sampling frequency for wind and CO 2 . Data were collected between 11:00-11:30 LT (local time) on 13 March. Stability index z/L was −0.80, hence unstable conditions. The average friction velocity was 0.35 ms −1 . The slope in the inertial subrange follows quite well the −2/3 power law for all the four spectra. However, the aerosol power spectrum exhibited a slightly faster decay than the −2/3 slope. This is most likely due to some attenuation of higher frequencies within the sampling line connected to the CPC. The power spectra of horizontal and vertical wind and CO 2 all have a peak in spectral density at the lower frequencies. The particle spectrum, however, does not peak within the frequency range. This is probably due to non-stationary conditions concerning particle concentration since the aerosol number concentration was increasing during this half hour period. For the highest frequencies in the particle spectrum, the spectral density increases with increasing frequency. The slope of this increase is close to +1 which indicates that this is due to white noise. Figure 3 shows co-spectra for momentum flux (a), CO 2 flux (b) and particle flux (c) for the same half hour period as in Fig. 2 . All three spectra agree quite well with the −4/3 power law. The white noise for the particle spectrum in Fig. 2d is not apparent in the co-spectrum (Fig. 3c) . Some of the variance spectra for other half hour periods during the campaign had even larger influence from white noise than seen in Fig. 2d but the noise did not have any influence on the co-spectra, which is because there is no correlation between the white noise in the CPC and the vertical wind from the sonic anemometer. As a result, the white noise adds no false flux. Nonetheless, all flux contribution from frequencies higher than the frequency where white noise starts to dominate is lost. To compensate for this, Eq. (1-2) are used. Figure 4 shows particle spectra for a half hour period with more constant particle concentrations. The data were collected between 14:30 to 15:00 LT on 18 March (also during unstable conditions.) The variance spectrum ( Fig. 4a ) agrees with −2/3 power law and the particle flux co-spectrum ( Fig. 4b ) agrees with the −4/3 power law. In this case, when particle concentrations are more constant, the frequencyweighted densities clearly peak within the frequency range. The peak, in both Fig. 4a and b, is located around f = 0.1, similarly to the peaks in the power spectra for wind and CO 2 (Fig. 2a-c ) and in the co-spectra for momentum and CO 2 flux ( Fig. 3a-b) .
Sensible and latent heat flux spectra are not shown here since these are not the most important parameters of this study. However, these spectra in general looked theoretically well.
Results and discussion
The measurements included in this study were performed between 12 March and 18 May 2008, in the wet season. Concerning the CPC measurements, 37% of the data had to be removed because of technical problems, mainly linked to water deposition in the CPC butanol reservoir. Of the CO 2 and H 2 O measurements, 15% of the data were rejected, primarily Fig. 4 . Averaged normalized frequency weighted spectra for particle concentration variance (a) and particle flux covariance (b) plotted against dimensionless frequency between 14:30 and 15:00 LT on 18 March. White triangles pointing upward represent positive co-spectral densities and black triangles pointing downwards are negative co-spectral densities.
because of problems with electricity and computer software. Meteorological and BC e measurements ran more or less continuously during the period. The concentrations of the different compounds have not been converted to STP (standard temperature and pressure) conditions. The reason for this is that the exact temperature when counting the particles inside the CPC was not well known. The condensation temperature inside the CPC was logged but the air will have a somewhat higher temperature when the particles are being counted and the sampling flow rate is set. An estimation of this temperature would produce new errors. For consistency, neither the concentrations of the other compounds have been converted to STP, and represent ambient conditions. Table 1 shows the average conditions during the measurement period. The flux parameters are defined as positive when the flux is upward and negative when the flux is downward.
Average conditions during the campaign
Diurnal cycles of meteorological parameters
The diurnal cycles (Fig. 5a-g ) are shown as medians of halfhour mean values. The reason for choosing median cycles instead of mean cycles is to reduce the weight of extreme values and instead show what is happening more frequently. The only exception is the diurnal cycle of rainfall (Fig. 5h) , where it makes more sense to use mean cycle since the median rain amount is zero for a high fraction of the half hour intervals forming the diurnal cycle.
All parameters in Fig. 5 have very distinct diurnal variations driven by the incoming solar radiation. The sunrise was at 06:00 LT and the sunset at 18:00 LT which can be seen in the curve showing Photosynthetic Active Radiation (PAR) in Fig. 5a . The PAR has its maximum a little before noon as a result of gradually increasing convective cloudiness that often occurs during the day and throughout the afternoon. The curves for sensible and latent heat fluxes (Fig. 5b ) are well correlated with the PAR.
The latent heat flux is approximately three times larger than the sensible heat flux and reaches on average 250 W m −2 at maximum during the day. The temperature ( Fig. 5c ) reaches on average 28 • C during daytime but falls to ∼23 • C during nighttime. The relative humidity, anticorrelated with the temperature, reaches almost 100% at nighttime but falls to around 70% in daytime.
The diurnal cycle of water vapor molar density ( Fig. 5d ) reveals much information about the diurnal cycle of the atmospheric boundary layer. During the night, the water vapor concentration gradually decreases because the temperature falls and the relative humidity is at 100% or just below. This results in a minimum in water vapor concentration around sunrise. From 06:00 to 09:00 LT, the water vapor concentration increases rapidly and this increase can be attributed to increasing evapotranspiration, which can be seen in the latent heat flux curve (also Fig. 5d ). The initial mixed layer growth within the stable boundary layer, sometimes referred to as "the burning off" of the nocturnal inversion, is a slow process (Stull, 1988) . This means that the water vapor from increasing evapotranspiration during the morning hours is trapped in a shallow and slowly growing layer connected to the surface. Between 09:00 and 15:00 LT, the water vapor concentration instead decreases, a period when a strong upward latent heat flux prevails. Thus, entrainment of dry air from aloft now dominates over evapotranspiration, which indicates that the mixed layer during this period grows much faster. The increase in mixed layer growth rate after 09:00 LT in the morning is a result of that the nocturnal inversion has been defeated and the mixed layer reaches the residual layer above where resistance to further growth is much smaller.
The rapid decrease in water vapor concentration after 09:00 LT does not mean that the mixed layer growth rate is highest during these morning hours. Contrary, Fisch et al. (2004) observed maximum growth rates between 11:00 and 14:00 LT during the wet season over the Amazon rain forest. However, during this period, the mixed layer usually is rather well developed which reduces the impact from entrainment on the water vapor concentration. The drying effect from entrainment during the evolution of the mixed layer was observed also by Martin et al. (1988) . The outflow of water vapor from the mixed layer into convective clouds above also contributes to the drying of the mixed layer (Betts et al., 2002) .
After 15:00 LT, when the depth of the mixed layer is often close to constant and at its maximum around 1 km (Fisch et al., 2004) , the water vapor concentration again increases. Around 17:00 LT, a stable nocturnal boundary layers starts to develop which can be seen in the negative sensible heat flux in Fig. 5b and the stability in Fig. 5e . It reaches on average a final depth of 80-180 m (Garstang et al., 1990 ). The water vapor concentration continues to increase until 21:00 LT, which indicates that evaporation continues at decreasing intensity well after sunset. Even a low evaporation rate can have a relatively large impact on the water vapor concentration in the shallow nocturnal boundary layer. Fig. 5e shows the diurnal cycle of the stability. In general, the stratification is stable at nighttime and unstable in daytime. The stability starts decreasing immediately after sunrise. Horizontal wind speed and friction velocity (Fig. 5f ) are higher in daytime than at nighttime. Rainfall (Fig. 5g) is present during the wet season at all times of the day but on average the maximum amounts come during afternoon. Wind directions between east and northeast dominate (Fig. 5h) , both in daytime (Fig. 5i ) and at nighttime (Fig. 5j) . The daytime wind direction distribution has larger variability than the nighttime distribution, probably due to more influence from convective cloud systems.
Anthropogenic influence on aerosol number concentrations and fluxes at K34
The atmospheric boundary layer over the Amazon rain forest in the wet season represents among the cleanest continental conditions that can be found on Earth, close to aerosol number concentrations over remote oceans (Andreae at al., 2009) . One of the key motivations for wet season field measurement campaigns in the Amazon basin during the last 20 years has been to use the basin as a laboratory to study pristine continental aerosol particles ). However, even during the wet season anthropogenic sources may occasionally have an influence on the aerosol population in the vicinity of the K34 tower. Figure 6 shows how the aerosol number concentration (Fig. 6a) and flux ( Fig. 6b) vary with wind direction. Each bin is a median of all data within that specific 10 degree wide wind direction interval. The number concentration has a rather broad peak with its center around 150 • . This is the approximate direction to the city of Manaus. The maximum downward fluxes are located in the same wind sector as the peak in number concentration. This means that there is net deposition when winds are coming from this Mass concentration of equivalent black carbon (BC e ) was used as a measure of the degree of anthropogenic influence during the campaign. While it has been shown that biogenic organic compounds contribute as much as 50% to the light absorption by the wet season Amazon aerosol (Artaxo et al., 1988; Guyon et al., 2004) , it is likely that this influence is weaker at the MAAP wavelength of 670 nm than at the wavelength of 565 nm used by Guyon et al. (2004) . This suggests that BC e is a valid tracer for anthropogenic combustion influences, at least at concentrations above the background level of about 50 ng m −3 . Figure 7 shows how the total aerosol number concentration at K34 compares to BC e mass concentration, measured in the container, both like a scatter plot (a) and binned in different BC e concentration intervals (b). The aerosol number concentration increases with increasing BC e when the BC e concentration is high, roughly for BC e concentrations over 80 ng m −3 . However, for lower BC e concentrations, the aerosol number concentration is more or less constant with increasing BC e (Fig. 7b) . Thus, it seems that anthropogenic particles dominate the aerosol number population when concentrations are high but have a much lower impact when concentrations are low.
Since this study focuses on the interactions between rain forest and atmosphere during conditions not perturbed by anthropogenic sources, data with high anthropogenic influence have been excluded from the data set. All half-hourly averages of aerosol fluxes and concentrations measured when the average wind direction was between 310 • and 20 • have been completely rejected in order to avoid influence from the diesel generator. Additionally, half hours with BC e concentration above 80 ng m −3 or aerosol number concentration above 60 cm −3 have been excluded. Moreover, a few days clearly influenced by inflow of mineral dust with significantly higher concentrations of the trace elements Al, Fe and Mn have been rejected. These episodes are likely linked to transport of Saharan dust to the site (Swap et al., 1992) . Finally, half hours when rainfall occurred have been excluded to simplify interpretation. At the end, 47% of the all halfhourly averaged data fulfilled the criteria for clean conditions and these data will from now on be referred to as LAM (Low Influence of Anthropogenic sources and Mineral dust) conditions.
Local pollution from the diesel generator or the house can be expected to have a larger influence on the BC e concentration at the container than on the particle concentration at K34, 2 km away. Therefore, filtering out particle data in K34 due to high BC e concentration at the container unfortunately results in a loss of some data that were actually not influenced by anthropogenic sources. Anthropogenic particles transported from Manaus or even further away can be expected to have approximately the same impact on the measurements at the container as at K34.
The filtering process described in this section also has the effect of strongly reducing the aerosol number concentration variability. This is important since stationary conditions are necessary when making flux measurements with the eddy covariance method.
Diurnal cycles of concentration and flux of CO 2
The CO 2 concentration and flux have very distinct diurnal cycles (Fig. 8) . In daytime there is an uptake of CO 2 by the forest (downward fluxes) and the atmospheric CO 2 concentration consequently decreases. During evening and nighttime, when there is no photosynthetic active radiation and only CO 2 emission (upward fluxes), instead the CO 2 concentration increases. The percentiles in Fig. 8 reveal that the day to day variability is low in both concentration and flux.
It is also obvious that concentration and flux change in a systematic way from hour to hour.
When studying Fig. 8 , it is important to remember that nocturnal respiration fluxes are often underestimated by the eddy covariance method. This underestimation is most significant in calm and clear nights with stable stratification (Goulden et al., 1996 (Goulden et al., , 2006 . There is growing evidence that nighttime advection caused by drainage flows is the root cause of the failure to capture the respiration flux in stable conditions at nighttime (Finnigan et al., 2008) . Araújo et al. (2008) investigated the nocturnal CO 2 concentration field in the heterogenous terrain of the Cuieiras Reserve of valleys and slopes and found that, particularly during stable nights, large amounts of CO 2 were transported downslope by drainage flows from the K34 plateau and being accumulated in valleys. Fig. 9 shows diurnal cycles of aerosol number concentration and flux for particles (D p >10 nm). A comparison of the diurnal cycles of aerosol particle concentration and flux in Fig. 9a with the corresponding CO 2 cycles in Fig. 8 reveals that the day to day variability in concentration and flux is much larger for particles than for CO 2 . Figure 9b and c show that the median counting errors for particle concentration and flux are small in relation to the natural variability seen in Fig. 9a . There are of course other sources of uncertainty in aerosol flux quantification than the counting error but these are more difficult to quantify.
Diurnal cycles of concentration and flux of particles
Care needs to be taken when analyzing the diurnal cycles of particle number concentration and flux because of the large diurnal variability of these parameters. However, some patterns are clear in Fig. 9a . The aerosol fluxes are close to zero at nighttime but larger in magnitude during daytime when conditions are more turbulent. The force behind this repeating pattern is the dynamics of the convective boundary layer driven by solar radiation. On average the fluxes are clearly downward (negative), which means that the dry deposition sink most of the time dominates over the aerosol emission from the rain forest. It is important to keep in mind that this is valid for the total aerosol number flux. The picture might differ for size segregated aerosol fluxes, which will be the subject of following studies.
During late night and early morning, approximately from 04:00 to around 07:00 LT, the number concentration decreases while particle fluxes are small (Fig. 9a) . A small deposition flux, however, can have a relatively large influence on the local number concentration since the nocturnal boundary layer is very shallow. Another factor that may affect the particle concentration during this time period is rainfall. Apart from the precipitation maximum during the afternoon, there is a second maximum between 03:00 and 06:00 LT (Fig. 5g) . Even though half hour aerosol data collected during rainfall have been excluded from the data set, there may still be an impact of the rain on the particle concentration, since particle data collected after the rainfall remains in the dataset.
Around 10:00 LT in the morning there is a peak in upward flux (Fig. 9a) . This is the just after the nocturnal stable boundary layer is defeated according to the discussion in Sect. 3.2. This upward flux peak is most likely an effect of boundary layer dynamics rather than particle emission which will be discussed in more detail in Sect. 3.5. Even if the upward flux would be a result of primary aerosol emission, it would have a very limited impact on the particle concentration. A source active during one hour of 2×10 5 particles m −2 s −1 , like the median upward flux at 10:00 LT in Fig. 9a , would only increase the mixed layer concentration with 3.6 particles per cm 3 in a 200 m thick mixed layer and with 0.7 particles per cm 3 in a 1000 m thick mixed layer.
Between 10:00 and 12:00 LT, the particle concentration makes a jump to a higher concentration, a period when the mixed layer can be expected to grow rapidly by entrainment. It is interesting to compare Fig. 9a (and b) with the diurnal cycle of water vapor (Fig. 5d) . In approximately the same time period as the water vapor concentration rapidly drops as a result of entrainment of drier air, the particle concentration increases. The increase in particle concentration, which can be seen both in the median curve and the percentile curves, does not seem to be due to primary aerosol emission since this period is dominated by downward fluxes. Instead it seems that the air that is entrained from the residual layer into the rapidly growing mixed layer increases the mixed layer aerosol number. This increase in number concentration is accompanied by increasing dry deposition seen in the enhanced downward particle fluxes, but this is not enough to counteract the concentration increase. During the afternoon when the mixed layer usually is well developed, the particle number concentration is more stable and the flux is still negative on average. (However, if data obtained during rainfall are included in the cycles in Fig. 9a and b, the particle concentration is on average somewhat reduced during the afternoon, when rain amounts are at maximum, but this reduction is smaller than the increase in concentration between 10:00 and 12:00 LT).
By using the values on the deposition flux during the afternoon in Fig. 9a , it is possible to roughly estimate the impact of the afternoon dry deposition on the number concentration. (06:00-17:00 LT) half-hourly averaged aerosol fluxes that are positive against change in total aerosol number concentration from half an hour before until the time when the flux was measured. Also data that do not fulfill LAM conditions have been included. However, the wind sector associated with the diesel generator and data collected during rainfall have been excluded. (b) Median diurnal cycle of percentage of upward particle flux. All data used in (b) were collected during LAM conditions. and a particle concentration of ∼370 cm −3 during the afternoon (Fig. 9a) , with an assumed mixed layer thickness of 1000 m, will only reduce the particle concentration with approximately 0.3% per hour.
The particle concentration is at maximum during the evening. Zhou et al. (2002) investigated the aerosol size distribution from March to April (wet season) at a ground station located 125 km northeast of Manaus. They found that an Aitken and an accumulation mode were present most of the time. An ultrafine mode was present at only 18% of the cases and could almost exclusively be linked to local anthropogenic pollution. Hence, it seems unlikely that the elevated number concentration during the evening in this study is a result of new particle formation. The particle fluxes point downward so neither primary aerosol emission can explain the rising concentration in the evening. One possible explanation is horizontal transport of particles. Since the wind sector including the diesel generator and the house have been excluded from the data set it is not likely that it is local pollution. The dominating easterly winds advect air from the road between Manaus and Venezuela located 19 km from the Cueiras Reserve. An ongoing transport of anthropogenic particles that have a negligible influence on the number concentration in daytime when the convective boundary layer is well developed could suddenly have a larger influence once the shallow nocturnal stable boundary layer has formed. The number concentration was often observed to raise rapidly around 18:00 LT when a nocturnal boundary layer usually formed. Hence, anthropogenic sources still might have some influence on the data even after the filtering process described in Sect. 3.2 to LAM conditions. Figure 9d shows the median diurnal cycle of the particle flux when data collected when the friction velocity is below 0.1 ms −1 have been filtered out. This filtering primarily affects the nighttime fluxes in the median cycle, since the daytime friction velocity most of the time is higher than 0.1 ms −1 (Fig. 5f) . Rejecting low-turbulence data will result in an overestimation of the average magnitude of the flux especially in the night, but reduce the uncertainty in the sign of the flux. From Fig. 9d it is clear that the net particle flux points downward at nighttime also when friction velocities below 0.1 ms −1 have been ignored. Even though uncertainties in the particle flux are larger at nighttime, the problem with advection caused by drainage flows (Sect. 3.4) is probably less critical for particles than for CO 2 . The nocturnal CO 2 flux points upward (Fig. 8) and is therefore largely affected by drainage flows within the canopy layer. However, the nocturnal particle flux points downward (Fig. 9 ) and since the flux is measured above the canopy, it is likely less affected by drainage flows.
Upward particle fluxes
Even though downward aerosol fluxes clearly dominate the diurnal cycle (Fig. 9) , there are regularly repeating occasions of positive peaks of aerosol flux. Actually, 40% of the particle fluxes measured during LAM conditions points upward (42% if including periods when LAM conditions are not fulfilled). When filtering out data collected when the friction velocity is below 0.1 ms −1 , the fraction of upward flux is 39%, and when filtering out friction velocities below 0.2 ms −1 , the fraction is 37%. The fact that the fractions do not change much when reducing the uncertainty of the sign of the flux by ignoring low turbulence data, makes the obtained percentages of upward flux seem reliable. However, the fact that a certain number of all averaged fluxes are positive does not necessarily mean that there is an emission of particles. A fraction of the obtained fluxes would point upward even if there was no emission because of random uncertainties or stochastic effects (Gaman et al., 2004) . Furthermore, entrainment of cleaner air from above can modify the vertical aerosol gradient in a similar way to an emitting source below and thereby produce upward fluxes that are not related to emission (Nilsson et al., 2001b) . Rannik et al. (2003) found 32% of the fluxes to be pointed upward over a boreal forest in Hyytiälä in Finland. Pryor et al. (2008) found more than 40% of the fluxes to be upward at Hyytiälä and also over a beach forest at Sorø in Denmark. Hence, the upward fractions of particle fluxes measured over a boreal forest seem to be very similar to the fraction of upward fluxes obtained in this study over a tropical rain forest. The observed upward fluxes in the studies by Rannik et al. (2003) and Pryor et al. (2008) were explained by random flux errors, horizontal advection of particles and dilution through entrainment. Figure 10a shows how the positive fluxes obtained during daytime are related to the change in total number concentration from half an hour before to the time when the flux is measured. Also time periods that do not fulfill LAM conditions have been included in this figure, since it is of interest here to see what happens with the flux also when there are large trends in the particle concentration. It is clear that most of the positive fluxes in Fig. 10a are associated with a decrease in concentration which indicates that these upward fluxes might be linked to entrainment of cleaner air from above. The fact that the highest percentage of upward particle fluxes occurs in the morning (Fig. 10b ) during mixed layer growth further supports this hypothesis.
This might seem like a contradiction to the discussion of Fig. 9 where it was suggested that entrainment enriches the mixed layer on particles during mixed layer growth. However, Fig. 9 shows the average cycles and the variability in these cycles is large because different days can show very different behavior concerning these parameters and includes aerosol fluxes in both directions. The entrainment process seems to increase the mixed layer on particles on average. However, if the particle number concentration in the mixed layer is enhanced by some process, the entrainment process can shift from having an enriching effect to instead having a diluting effect on the mixed layer particle concentration. The impact of entrainment on the mixed layer particle concentration of course also depends on the particle concentration in the residual layer. Figure 11 shows two examples where the entrainment process seems to have opposite effects on the mixed layer particle numbers. Both these days were free from rainfall. The curves referring to 21 March (a) somewhat reminds of the average diurnal cycles in Fig. 9 . The aerosol number concentration decreases at nighttime. In the morning, around 09:00 LT, there is a rapid increase in particle concentration, most likely due to entrainment of air with higher concentration into the growing mixed layer. The curves for particle concentration and flux during 24 March show a different behavior. The particle concentration at nighttime is higher than the nighttime concentration on 21 March. When the mixed layer growth starts in the morning of 24 March, the concentration instead drops to a much lower concentration. Hence, the entrainment seems here to have a diluting effect on the mixed layer particle concentration. A quite large upward flux appears around 10:00 LT just when the concentration starts decreasing. This upward flux is most likely a result of a modified vertical par- ticle gradient as a result of entrainment of cleaner air from aloft into a rapidly growing mixed layer after the nocturnal inversion has been defeated.
Thus, from Fig. 10 and Fig. 11 it seems that entrainment of cleaner air from above can explain a high fraction of the upward fluxes even though entrainment on average seems to be a process that enriches the mixed layer on particles. The upward flux peak at 10:00 LT (Fig. 9a ) seems to occur those days when entrainment has a diluting impact on the mixed layer. The fact that the peak in upward flux around 10:00 LT becomes even larger in magnitude when also data that not fulfill the LAM conditions are included (dashed line in Fig. 9c ) further strengthens the hypothesis that this peak is not particle emission from the rain forest. If the peak was due to particle emission, one could expect the magnitude of the upward flux to be lower when background concentrations are high, since the deposition flux would then be larger and mask a larger fraction of the emission. If the peak was due to entrainment of cleaner air, on the other hand, one would expect the peak to be larger when the surface layer is polluted which agrees with Fig. 9c. 
Particle transfer velocities
The particle dry deposition velocity can be estimated from flux measurements by dividing the particle flux with the number concentration. Since measured fluxes may be either positive or negative, the term transfer velocity is preferable over the widely used term "deposition velocity" (Held et al., 2006) . The transfer velocity v t is defined as where F is the particle number flux and c is the particle number concentration. Positive values on v t represents net downward flux. Figure 12 shows how the transfer velocities are distributed in this study. Positive values (deposition) dominate. In this study, 90% of the transfer velocities during LAM conditions were lower than 2.2 mm s −1 . Buzorius et al. (2000) reported particle transfer velocities over a Scots pine forest between 1 and 40 mm s −1 with the highest velocities associated with new particle formation events due to more efficient Brownian diffusion of ultrafine particles. Particle size has a large influence on the transfer velocity. Since the aerosol size distribution in the Amazon during the wet season is dominated by an Aitken and an accumulation mode , it is logical that the transfer velocities in this study are in the lower range of the transfer velocity interval reported by Buzorius et al. (2000) . Another reason for the low particle deposition velocities obtained in this study is the low wind speeds, which only reach slightly above 2 ms −1 on average during daytime (Fig. 5f ). Figure 13 shows how the transfer velocity depends on the friction velocity in this study. A linearly curve has been fitted to the median values of the transfer velocity in the different friction velocity (u * ) intervals (Fig. 13b) . The relation is described by
with the correlation coefficient 0.88. Both positive and negative transfer velocities were included in the calculations of the median transfer velocities in Fig. 13 . This means that the median transfer velocities are somewhat underestimated if considering them as deposition velocities, since some of the upward fluxes are pointing upward for a physical reason and not only as a result of stochastic or random errors. However, to exclude all negative transfer velocities (upward fluxes) would probably result in an even larger overestimation of the deposition velocity, since a large fraction of the negative transfer velocities are only results of stochastic or random errors. Gaman et al. (2004) also found a linear relation between particle deposition velocity and friction velocity when they measured fluxes of 50 nm particles over a Scots pine forest. Their relation is given by
One important reason for the higher slope in their relation in comparison with the slope in Eq. (8) is most likely the efficient Brownian diffusion of 50 nm particles.
Origin of the depositing particles
The diurnal cycles of particle concentrations and fluxes in Fig. 9 indicate that entrainment to a high degree controls the aerosol number population within the mixed layer. On average, an enhancement in concentration is seen when the mixed layer grows and a decrease in concentration is seen during nighttime when the nocturnal stable boundary layer is often decoupled from the residual layer above. The particle fluxes are mostly pointing downward which indicates that the number source of primary aerosol particles within the footprint of the measurements in this study was small. The fact that time periods with high anthropogenic influence have been excluded from the data set suggests that most of the depositing particles in this study are natural particles. However, the increasing aerosol number concentration during the evening indicates that anthropogenic sources still could play a role after the data filtering process described in Sect. 3.3 to achieve LAM conditions. Therefore, the question arises whether influences of anthropogenic sources might be the reason for a considerable part of the downward particle fluxes, which would open the possibility for that the true magnitude of the primary aerosol emission of natural aerosols could be masked by deposition of anthropogenic particles. An efficient way of investigating this is to analyze what happens with the particle flux in the absolute cleanest conditions, or even better, what happens with the transfer velocity since this parameter is independent of the particle concentration. Figure 14 shows how particle transfer velocity varies with particle number concentration (a) and BC e mass concentration (b). Also data that do not fulfill the conditions of LAM are included here since it is of interest to see how the particle deposition velocities behave also when particle and BC e concentrations are higher. The transfer velocity is still defined as pointing downward when it is positive. If the net downward particle flux obtained in this study would only be a result of transport of anthropogenic particles into the forestatmosphere system, the transfer velocity would be expected to become negative (pointing upward) or at least close to zero in the cleanest conditions. However, the transfer velocity is positive for both the lowest particle concentrations (Fig. 14a) and for the lowest BC e concentrations (Fig. 14b) and there is no trend towards more negative or less positive transfer velocities for lower concentrations of particles or BC e . The only bins that represent negative averages of the transfer velocity are actually found at higher concentrations of particles (a) and of BC e (b). These negative transfer velocities are probably a result of entrainment of cleaner air from aloft and/or local pollution events producing upward fluxes.
Hence, even for the absolute cleanest conditions in this study the transfer velocities are on average positive which implies that the net downward particle fluxes cannot be explained only by deposition of anthropogenic particles. Neither can the net deposition flux be explained by deposition of mineral dust, since periods of significantly higher concentrations of trace elements associated with mineral dust have been excluded from the data set. Marine aerosols are known to be transported over the rain forest with trade winds and it represents a major source of sulfur for otherwise sulfur deficient rainforest ecosystems (Andreae et al., 1990) . However, marine aerosols are dominated by accumulation and coarse mode particles, which will get rapidly activated into cloud droplets and removed by wet scavenging in intensified convection over the land. During the wet season, particles as small as 60-80 nm are activated into cloud droplets (Roberts et al., 2001; Roberts et al., 2002) . Single particle analysis from airborne measurements over north-eastern Amazonia have shown that most of the marine signature is lost within some hundreds of km from the coast (Krejci et al., 2005a) . Then the question remains where the majority of the particles that are deposited over the rain forest in this study originally come from. Even if this cannot directly be proved from the results of this study, the best guess is probably that the majority of the deposited particles have been formed within the atmosphere, simply because it is hard to explain the net downward aerosol flux by any other particle sources.
However, a reasonable question is whether there may be large horizontal variations in primary aerosol emission over the Amazon rain forest. If this is the case, a fraction of the deposited particles in this study could actually be primary aerosol particles emitted from other areas of the Amazon where primary aerosol emission is more favored. However, there are indications that the Amazon rain forest is a rather homogeneous entity with respect to aerosol sources and sinks. Previous observations of aerosol number concentrations and size distributions (e.g. Guyon et al., 2003; Krejci et al., 2003; Rissler et al., 2004; Roberts et al., 2001; Zhou et al., 2002) show very stable aerosol number densities and aerosol size distributions with very low variability in space and time during the wet season. This is a rather strong argument for horizontal homogeneity concerning rain forest properties with respect to sources and sinks of aerosol particles. However, aerosol flux measurements need to be repeated in other areas of the Amazon before any final conclusions may be drawn of the importance of primary aerosol emission as a number source in the Amazon rain forest.
Summary and conclusions
Aerosol number flux and CO 2 flux measurements were measured with the eddy covariance method over the Amazon rain forest during the wet season in 2008. The measurements were performed at the top of the K34 flux tower in the Cuieiras Reserve, Manaus, Brazil. The main objective was to examine if sinks or sources dominate the aerosol number fluxes and under what conditions. Here the key results and main conclusions are presented.
-The day to day variability of fluxes at K34 was much larger for particles than for CO 2 .
-The net particle number flux on average pointed downward which means that the number source of primary aerosol particles within the footprint of K34 was small. It can however not be excluded that there are occasional episodes of true particle emissions. It is also important to remember that the CPC total number count is dominated by the sizes where most particles are found. This means that emissions of larger particles, which are low in number but may be large in terms of mass, drown in the number deposition flux.
-About 40% of the half-hourly averaged particle fluxes in this study pointed upward which is a similar fraction to what has been observed over boreal forests.
-The upward particle fluxes in this study frequently appeared in the morning hours and were often accompanied by a decrease in number concentration which indicates that the upward fluxes to a large extent may be linked to entrainment fluxes and not to primary aerosol emission.
-Particle transfer velocities at K34 increase with increasing friction velocity and a curve fitted to the data is described by the relation v t =2.4×10 −3 ×u * [ms −1 ]. In this study, 90% of the transfer velocities were lower than 2.2 mm s −1 .
Hence, in this study it was shown that in terms of aerosol numbers, particle fluxes on average pointed downward at the tower K34 in the Amazon rain forest during the wet season. The fact that the particle flux pointed downward even in the absolute cleanest conditions indicates that the contribution of primary biogenic aerosol particles to the aerosol population in the Amazon boundary layer may be low in terms of number concentrations. However, the possibility of horizontal variations in primary aerosol emission from the Amazon rain forest cannot be ruled out. A fraction of the depositing particles could possibly be primary aerosol particles emitted from the rain forest somewhere outside the footprint. Therefore, aerosol flux measurements need to be repeated in other areas of the Amazon before any final conclusions may be drawn of the importance of primary aerosol emission as a particle number source in the Amazon rain forest.
